Aim. To investigate a possibility of application of multi-wall carbone nanotubes modified with NH
Currently, worldwide scientific community pays great attention to the development of nanotechnology to make technological breakthrough in many fields of science and industry, in particular, in medicine and pharmacology. New carbon materials, such as fullerenes and nanotubes, though not being completely characterised so far as to their electrochemical properties, have stimulated a new trend in development of chemo-and biosensors [1] [2] [3] . A possibility of enzyme immobilization onto the surface of nanotubes, their application as electronic mediators for designing nanostructural biosensors are only few examples of effective usage of these materials in biosensorics. Numerous publications of the last decade are devoted to the development of electrochemical biosensors with bioselective membranes comprising both single-and multiwalled nanotubes which improves biosensor analytical characteristics [1] [2] [3] . In these works nanotube surface are usually modified with different protein-binding groups, mostly with carboxyl ones [1] [2] [3] [4] [5] . In this study we have explored multi-walled carbon nanotubes modified with NH 2 -groups (MWCNT-NH 2 ) for creation of sensitive elements of the amperometric biosensor based on immobilized oxidoreductase (glucose oxidase). The electrochemical properties of such membranes have been studied.
Materials and methods. Materials. Glucose oxidase (GOx) (EC 1.1.3.4) from Aspergillus niger with activity of 271 U/mg was of "Gengyme Corp." (Germany) production, D-glucose, bovine serum albumin (BSA) and 50% solution of glutaraldehyde (GA) -from "Sigma-Aldrich Chemie" (Germany), multi-walled carbon nanotubes modified with NH 2 -groups (MWCNT-NH 2 ) -from "DropSens" (Spain), polyvinylpyrrolidone (PVP) -from "Merck" (Germany). Dimethyl sulfoxide (DMS), dimethyl formamide (DMFA) and other reagents were of domestic production and of analytical grade.
Biosensor design Screen-printed three-electrode transistors C220AT (further on -"gold electrodes") produced in «DropSens» (Oviedo, Spain) (Fig. 1À) were used in the work along with the PC-compatible portable bipotentiostate µStat 200 of the same firm. All electrochemical measurements were carried out in accordance with the producer's manual (for details see http://www.dropsens.com/en/inicio.html). To create laboratory prototypes of a biosensor, sensitive membranes were formed on the surface of working electrodes by glucose oxidase immobilisation.
Formation of sensor biomatrix Prior to immobilization, the surface of working electrode was treated with chromic mixture (saturated solution of potassium dichromate in concentrated sulfuric acid), thoroughly washed with distilled water and dried with ethanol. 2-mg portion of MWCNT-NH 2 was suspended in 1 ml of either DMS or DMFA, or aqueous solution of PVP (100 mg/ml) by a 30-min sonication at room temperature in bath sonicator (Sonorex. Super RK 102 H, Bandelin Electronic, Germany).
A sensitive matrix was formed by drop deposition of 1.7 µl of mixture, contained 0.05% GOx, 6% BSA, 2% MWCNT-NH 2 suspension and 5% glycerol prepared in 25 mM phosphate buffer, pH 7.0 (further on "GOx-BSA-MWCNT-mixture"), onto the surface of a working electrode. Further immobilization of GOx was performed by covalent binding into protein gel in saturated GA vapour [6] . The electrodes were incubated for 30 min in GA vapour at room temperature and then were dried in the air for 30 min and washed three times with 25 mM phosphate buffer, pH 7.0. The set of electrodes for comparison was prepared using the same mixture without nanotubes (further on "GOx-BSA-mixture"). For control, transducers without membranes were used as well as transducers with corresponding membranes without any enzyme.
Electrochemical measurement Study of voltage-current characteristic of electrodes and measurement of the amperometric biosensor signal were carried out using the device mStat 200 («DropSens», Spain) with appropriate software. The experimental setup included a glass cell for solution, an electromagnetic stirrer, a support stand, and a flexible connector between electric contacts of the sensor and the device mStat 200 (Fig. 1B) .
Measurements were carried out in an open 2.5 ml vessel containing 25mM phosphate buffer, pH 7.0, at room temperature with intensive stirring. Before experiments, the electrode zone was put for 40 min into working buffer. The substrate concentration was varied by addition of certain aliquots of stock solutions. The biosensor signal to a certain substrate concentration was taken as an average of three measurements. The measurement error did not exceed 5%. The voltage-current characteristic was detected in 25 mM phosphate buffer with addition of 0.86 mÌ Í 2 Î 2 or 20 mÌ glucose by the method of cyclic voltammetry at a rate of 100 mV/s, repeating every measurement four times.
Results and discussion. Glucose oxidase is the most studied, stable and commercially available oxidoreductase which is widely used in development of sensors. Amperometric sensors, based on immobilized glucose oxidase, registrate hydrogen peroxide generated as a result of the reaction:
Hydrogen peroxide is decomposed on a working electrode with generation of 2Í + , 2å -and Î 2 . Release of electrons results in change of the current at the "electrode-solution" interface in proportion to the glucose concentration.
In the preliminary investigation, cyclic voltammetric characteristics of gold electrodes DropSens without enzyme membranes were studied. It was determined that the rate of 100 mV/s was optimal for measurement by the method of cyclic voltammetry (Fig.2) .
The typical cyclic voltammetric curves for gold electrodes DropSens without enzyme membranes in 25 mM phosphate buffer, pH 7.0, are shown in Fig. 3 (Fig.  3 , curves 1). Addition of hydrogen peroxide is seen to result in changing signal value at potential of 0.1 -0.9 V (Fig. 3À , curve 2) that testifies to Í 2 Î 2 transformation on the electrode surface, while addition of glucose has no effect on the curve shape ( Fig. 3B , curve 2). The potential of 0.8 V was taken as optimal for amperometric measurements. It was shown the absence of glucose oxidation/reduction at this potential ( Fig. 3B, curve 2) .
Elaboration of the method of formation of bioselective membranes, based on MWCNT-NH 2 and GOx, consisted of 3 stages:
-option of a mode of tubes suspending; -option of a technique of immobilisation of nanotubes and GOx on the electrode surface;
-exploration of electrochemical properties of the membrane developed.
Nanotubes were suspended using either DMS or DMFA, or aqueous solution of PVP (100 mg/ml) by ultrasound (see Materials and methods). In DMS variant no changes were revealed in tubes, while DMFA usage resulted in some increase in a tube volume. The best results, i.e. stable nanotubes suspending, were obtained with PVP. Moreover, PVP (apropos, used as a blood substitute and as a component of some medicines and cosmetic substances) is less toxic for the enzyme [7] .
For formation of membranes based on immobilized GOx with usage of MWCNT-NH 2 we chose a method of binding by glutaraldehyde. Earlier, we have shown a possibility of creation of glucose biosensors on the basis of carbon fibers by means of immobilisation of glucose oxidase into protein gel (BSA) in GA vapour [8, 9] . GA, being a bifunctional agent, produces intermolecular bonds between NH 2 -groups of substances forming Schiff bases. The reaction takes place under soft conditions which enables the enzyme to be kept in native state [10] . Besides, the binding of MWCNT-NH 2 with the enzyme molecules should facilitate electron transfer between the enzyme active centre and the working electrode surface [1, 2] .
In our preliminary experiments the mixture of GOx and suspended MWCNT was immobilized without BSA; low enzymatic activity of these membranes and fast washing-out of nanotubes was shown. Therefore, in further investigations BSA was added to the membrane mixture (see "Materials and methods").
In Fig. 4 the dependence of value of amperometric signal on glucose concentration for the biosensor based on gold electrodes DropSens and a GOx-BSA-MWCNT membrane is compared with that for control transducers. Addition of nanotubes to the enzyme membrane resulted in 1.5-time biosensor signal increase and wider linear range of glucose determination -from 0.1 -4.0 tî 0.1 -5.0 mM (Table ) .
Next, optimal working conditions were determined for the amperometric biosensor with gold electrodes and a GOx-BSA-MWCNT membrane. As seen from Fig. 5 , A, at the phosphate buffer concentration exceeding 25 mM the value of biosensor signal does not significantly changed which is an attribute of GOx-based biosensors [8, 11] .
Therefore, 25 mM phosphate buffer was used for the biosensor pH-optimum determination (Fig. 5B) . According to the literature, glucose oxidase has a broad activity range of pH 4-7 with pH optimum of 5.5 [12] . The biosensor pH-optimum was shown to shift into alkaline zone, pH 7.0, which could be caused by the changes in membrane local pH due to diffusion processes and accumulation of protons generated as a result of formation of Í 2 Î 2 in the enzymatic reaction and its decomposition on the electrode [13] . A shorter optimal pH range can be also explained by limited capability of immobilized enzyme to change its tertiary structure in response to varying pH.
Thus, it was shown that the GOx membrane with MWCNT ensured the enzyme activity and stability along with the capacity to function under conditions near-optimal for the native enzyme. Thereby, its application can improve biosensor analytical characteristics, i.e. high signal value and wide linear range. Efficient functioning of biosensors at different working potential values is a main benefit anticipated in case of nanotubes application. This is important while measuring in biological liquids and foodstuffs, in particular, glucose to decrease an effect of interfering substances which can be oxidized or reduced at the potential value close to 0.8 V. As seen from the cyclic voltammetric curves for sensors based on immobilized mixtures GOx-BSA and GOx-BSA-MWCNT (Fig. 6,) , the latter is characterized with signal variety in a wider range of potential (Fig. 6B,) . It is confirmed by the calibration curves for glucose measurement at different working potentials (Fig. 6 B, D, Table ) . Despite the sensor signal at -0.5, -0.2; 0.2, and 0.5 V is considerably lower compared to that at 0.8 V, this value is quite sufficient for glucose measurement.
Investigation of stability of the biosensor with GOx-BSA-MWCNT-based membrane at dry storage at 4 0 Ñ for 35 days showed (Fig. 7) that the membrane was quite stable as 85% of its initial activity remained. Noteworthy that the most remarkable changes in response were observed during first two weeks, and then the response stayed almost constant (a measurement error was about 7%). Further improvement of biosensor stability is in progress.
OPTIMIZATION OF BIOSELECTIVE MEMBRANE OF AMPEROMETRIC ENZYME SENSOR

Conclusion.
The method of formation and immobilized of bioselective matrix, based on GOx with multi-walled carbon nanotubes (MWCNT) modified with NH 2 -groups, on the surface of gold amperometric electrodes DropSens was elaborated. The optimal working conditions for membranes (25 mM phosphate buffer, pH 7.0) are found to be close to those for native enzyme. Including MWCNT into the membrane was shown to ensure the higher biosensor signal, wider linear range of measurable glucose concentrations, and determination of the substrate in a wide range of working potential.
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